Two dimensional (2D) semiconductor materials of transition-metal dichalcogenides (TMDCs) manifest many peculiar physical phenomena in the light-matter interaction. Due to their ultrathin property, strong interaction with light and the robust excitons at room temperature, they provide a perfect platform for studying the physics of strong coupling in low dimension and at room temperature. Here we report the strong coupling between 2D semiconductor excitons and Tamm plasmon polaritons (TPPs). We observe a Rabi splitting of about 54 meV at room temperature by measuring the angle resolved differential reflectivity spectra and simulate the theoretical results by using the transfer matrix method. Our results will promote the realization of the TPP based ultrathin polariton devices at room temperature.
Introduction
Strong coupling between photons and excitons, so called "exciton polariton", is a fascinating topic in solid state physics and has attracted much attention in recent years. Numerous novel phenomena have been observed, e.g., Bose Einstein Condensation of exciton polariton, 1-3 superfluidity, 4 quantum vortices, 5 entangled photon pairs 6 and polariton bistability, 7, 8 etc. These exciting researches have also promoted the development of novel devices such as electrically injected polariton light emitting diode, 9-11 low threshold polariton laser, 12, 13 spin-optronic devices, 14 optical switching 15 and polaritonic logic circuits, 16 etc.
In order to obtain well confined photons and thus observe the exciton-polariton effect, various optical microcavities, such as distributed Bragg reflector (DBR) based planar microcavity, 17 tunable open cavity, 18 two dimensional photonic crystal 19 and microdisk cavity with whispering gallery mode, 20 were designed. Recently, it is shown that one can also confine the light even without a cavity, e.g., a surface wave will form at the interface between a metal and a DBR. This is the so-called TPPs. [21] [22] [23] [24] In contrast to conventional surface plasmons, TPPs can be excited by direct optical excitation as their dispersion lies in the light cone given by k = ω/c where ω is the angular frequency and k is the in-plane component of the wave vector of light, and TPPs have both TE and TM polarization. Moreover, since in the strong light-matter coupling regime Rabi splitting is proportional to the amplitude of the vacuum field, one can increase it through decreasing the mode volume. Compared with traditional DBR-DBR cavity, TPP mode gives smaller mode volume due to its surface wave nature.
Exciton polariton effect has been studied in various semiconductor microcavity systems, including ZnO 25, 26 and GaN 27 with large exciton binding energy which can work at room temperature. Meanwhile the organic semiconductors also exhibit great prospect due to their strong exciton binding energies, high oscillator strengths and high quantum yields. 28, 29 Very recently, a new candidate for polaritonics, i.e., TMDCs, has attracted much attention [30] [31] [32] [33] [34] due to their distinct electronic, mechanical, thermal and optical properties when it is thinned to monolayer. 35 These materials change from indirect to direct bandgap with the transition from bulk to monolayer and the coupled spin and valley physics in monolayer TMDCs materials leads to the valley Hall effect. 36 Meanwhile, their robust excitons at room temperature thanks to their large exciton binding energy ( 0.5 -1.0 eV ) and the excellent optical qualities make them of great potential in the physics of strong coupling between light and matter at room temperature. Moreover, as the TPP structure do no contain the cavity layer, it is easier to fabricate compared to the traditional microcavity systems. Furthermore, due to the surface wave nature of the TPP mode, it is highly advantageous for the strong coupling with the 2D semiconductor materials. However, the strong coupling between the TPP mode and the monolayer TMDCs materials is yet to be demonstrated.
In this paper, we demonstrate the strong coupling between TPPs and the A excitons in monolayer MoS 2 and observe a Rabi splitting of about 54 meV at room temperature by the angle resolved reflectivity spectroscopy. Theoretical simulation by using the transfer matrix method 21, 22, 37 agrees well with the experimental results.
Results and discussion Figure 1a shows the sample structure schematically. 10 pairs of HfO 2 /SiO 2 DBR on the quartz substrate are grown by electron beam evaporation. The monolayer MoS 2 is exfoliated mechanically from bulk and then transferred onto the DBR by using polydimethylsiloxane (PDMS). 38 To form the TPP state, the top layer of TiO 2 of 56 nm and the silver film of 50 nm are deposited in the following electron beam evaporation process. In order to obtain the maximum coupling between TPP modes and the monolayer MoS 2 , we need to position the MoS 2 layer in the region where the strongest amplitude of electric field is presented as shown in figure 1b. Via using the transfer matrix method we give the theoretical calculation of the TE polarized TPP mode and the distribution of absolute electric field at normal incidence in figure 1b. The parameters used in the calculation are n SiO 2 = 1.5, n H f O 2 = 1.95, n TiO 2 = 2.12 and n SiO 2 l SiO 2 = n H f O 2 l H f O 2 =πc/2ω 0 , where ω 0 corresponds to the Bragg frequency withhω 0 =1.87 eV. The relative permittivity of silver is described 
where ε ∞ = 5,hω p = 9 eV,hγ = 18 meV. We confirm the TPP state in the structure by measuring
R is the reflectivity of the TPP sample and R 0 is that of the silver reflector. The numerical aperture (NA) of the objective lens we use is 0.75 which allows us to detect the angular range of ±48.6 • . The broadband light source is a tungsten halogen lamp and the angle resolved differential reflectivity spectroscopic setup is similar to that described in Ref [32] . 
where ε b is the background dielectric function , f is the oscillator strength and the parameter i=A, 
where the E exciton is the energy of the A exciton, and E T PP (θ ) is the energy of the TPP mode which is calculated by using the transfer matrix method. V is the interaction strength between the TPP modes and A excitons in MoS 2 . E(θ ) is the eigen energy of the polariton branch given by:
and |a| 2 , |b| 2 represents the exciton and TPP component of the corresponding polariton branch, respectively. The calculated dispersions are shown by the yellow lines in figure 3a and 3b. The white dashed line indicates the energy of the A excitons and the dispersion of the TPP mode.
From the theoretical results, the detuning E=E T PP − E exciton = -60 meV and the fitted interaction potential V is about 27 meV indicating that the Rabi splittinghΩ is 54 meV. To confirm the system is in the strong coupling regime, we extract the HWHM of the A excitons from the PL spectrum in figure 2 withhΓ A = 60 meV. It is proved that the strong coupling condition for light-matter interaction is satisfied withhΩ > (hΓ A +hΓ T PP )/2. However, the strong coupling between the TPP modes and the B excitons is not observed due to the large detuning between the TPP modes and B excitons. 30 We also simulate the angle resolved differential reflectivity spectra of the strong coupling between the A excitons and TPP modes by using transfer matrix method which are given in figure 4.
During the simulation, the thickness of monolayer MoS 2 is set to be 0.65 nm which is a common thickness for monolayer TMDCs materials and the complex refractive index of monolayer MoS 2 is derived from equation (2) . The simulated results give features similar to the experimental results.
The UPB is only observable at large angle while the LPB is observable at small angle from the color map in figure 4a . Hence, we simulate the spectra with decreasinghΓ A to 30 meV and 10 meV artificially which are shown in figure 5b and 5c with clear LPB and UPB. If we enhance the oscillator strength such as utilizing the multi quantum well structure, the splitting between LPB and UPB can also be seen in the angle resolved differential reflectivity spectra shown in figure 5d . The simulation results of change of detuning are shown in figure 6 .
The realization of strong coupling between photons and 2D semiconductor materials is of great importance due to the excellent optical qualities, stable excitons at room temperature and the unique nature of the electron state of the 2D semiconductor materials. These materials provide a perfect platform for the investigation of exciton polariton effect in a low dimensional system and manipulation of exciton polariton emission by the valley degree of freedom. These unique properties will lead to the fabrication of novel controllable circular polarized polariton devices.
Meanwhile, the electroluminescence of the 2D semiconductor has been reported in different struc-tures [41] [42] [43] and the lasing actions [44] [45] [46] of such materials are also realized. Hence, the fabrication of the 2D semiconductor materials based polariton laser will be a challenging task in the future.
In summary, we demonstrate the strong coupling between the TPP mode and the A excitons in monolayer MoS 2 with a Rabi splitting of 54 meV. By measuring angle resolved differential reflectivity spectra we observe the anticrossing feature of the LPB and UPB indicating the formation of the exciton polariton state in the system. By using the transfer matrix method we give the simulation of strong coupling effect which agrees well with the experimental results. The realization of strong coupling between TPP and 2D TMDCs materials paves the way for the fabrication of real polariton devices in the TPP structure and reveal the possibility of electrically injected polariton laser in the future.
linewidth, such as 30 meV or 10 meV in figure 5b and 5c, we will observe a clear anti-crossing feature of the UPB and LPB. An other way to observe the clear strong coupling effect is to enhance the coupling strength, i.e. f , between the TPP mode and the excitons like the multi quantum well structure. Figure 5d is the simulated result forh 2 f A =8 eV 2 which corresponds to a Rabi splitting of 69 meV, the UPB and LPB are easy to distinguish from each other. This material is available free of charge via the Internet at http://pubs.acs.org/.
